The gene for the catabolic NAD-linked glutamate dehydrogenase of Peptostreptococcus asaccharolyticus was cloned by selection in Escherichia coli for complementation of a biosynthetic defect. Cloned fragments containing the gene and the P. asaccharolyticus transcription and translation signals are very highly expressed in E. coli. The nucleotide sequence of the cloned gene was determined. It codes for a polypeptide of 421 amino acids, the sequence of which is similar to those of the NADP-accepting glutamate dehydrogenases. The sequence similarity of this protein to the mammalian glutamate dehydrogenases, which accept both NADP and NAD, is greater than its similarity to the bacterial NADP-specific dehydrogenases, suggesting that this NAD-specific bacterial glutamate dehydrogenase and the NADP-specific bacterial dehydrogenases diverged separately from the line leading to the dual-specificity mammalian glutamate dehydrogenases.
The gene for the catabolic NAD-linked glutamate dehydrogenase of Peptostreptococcus asaccharolyticus was cloned by selection in Escherichia coli for complementation of a biosynthetic defect. Cloned fragments containing the gene and the P. asaccharolyticus transcription and translation signals are very highly expressed in E. coli. The nucleotide sequence of the cloned gene was determined. It codes for a polypeptide of 421 amino acids, the sequence of which is similar to those of the NADP-accepting glutamate dehydrogenases. The sequence similarity of this protein to the mammalian glutamate dehydrogenases, which accept both NADP and NAD, is greater than its similarity to the bacterial NADP-specific dehydrogenases, suggesting that this NAD-specific bacterial glutamate dehydrogenase and the NADP-specific bacterial dehydrogenases diverged separately from the line leading to the dual-specificity mammalian glutamate dehydrogenases.
As part of a program to develop live cell catalysts for the manufacture of amino acids by transatination of the corresponding alpha-keto acids, we cloned in Escherichia coli the gene for the NAD-dependent glutamate dehydrogenase of an anaerobic gram-positive coccus, Peptostreptococcus asaccharolyticus. This glutamate dehydrogenase is one of the few bacterial NAD-dependent glutamate dehydrogenases that have been purified and characterized (14, 16, 18, 33) . In P. asaccharolyticus, it acts in the hydroxyglutarate fermentation of glutamate, in which its normal role is the degradation of glutamate (15) . We selected for the reverse of this reaction to obtain the clone. In this paper, we report the isolation, expression, and nucleotide sequence analysis of the P. asaccharolyticus gene for glutamate dehydrogenase. We compare the amino acid sequence of the translated gene with those of other glutamate dehydrogenases to show that this glutamate dehydrogenase is more closely related to the dual-specificity (NAD-and NADP-accepting) mammalian glutamate dehydrogenases than to the NADP-linked glutamate dehydrogenase of E. coli.
MATERIALS AND METHODS
Bacterial strains. The strains used in this work are listed in Table 1 . To construct strain Q100, we moved a host restriction mutation into a glutamate auxotroph by cotransduction with a nearby TnJO insertion. Strain PA340 was transduced with P1 phage prepared from strain LCK8, and the Tetr transductants were scored for the retention of the hsdR2 locus by comparing the efficiency of plaque formation when host-modified and unmodified P1 phages were plated on each transductant. Selection for the loss of the TnJO insertion was carried out by the method of Bochner and coworkers (2) . DNA isolation. P. asaccharolyticus cells were grown anaerobically in Difco thiol broth. Cycloserine (6 ,ug/ml) was added just before the cells entered stationary phase in order to make them more susceptible to lysozyme action. The harvested cells were washed in 0.15 M NaCl and were then * Corresponding author. resuspended in 18.75% sucrose-37.5 mM Tris-HCl buffer (pH 8) containing 5 mg of lysozyme per ml. After 1 h at 37°C, an equal volume of a solution consisting of 1% Sarkosyl, 62.5 mM EDTA, 50 ,ug of protease K per ml, and 50 mM Tris-HCl (pH 8) was added. The suspension was then heated to 55°C for 20 min and frozen. After receiving an additional 50 ,ug of protease K per ml, the suspension was incubated at 50°C overnight. It was then extracted twice with 1:1 phenolchloroform and once with chloroform, and the DNA was then purified by CsCl density gradient centrifugation.
Cloning and selection. Recombinant plasmids were constructed by using P. asaccharolyticus DNA, partially digested with either Sau3AI or EcoRI. The vector pBR322 was digested to completion with either EcoRI or BamHI and was then treated with calf intestinal phosphatase to prevent regeneration of the vector. Insert DNA (5 ,ug) from each preparation was ligated with 1.25 jig of the corresponding cleaved vector DNA in a 1-ml reaction mixture. Small aliquots from these reaction mixtures were used to transform competent Q100 cells. These cells were plated on minimal A medium (24) (minimal medium contained 0.2% glucose, 20 ,ug each of threonine, arginine, leucine, and histidine per ml, and 0.0005% thiamine) containing 20 ,ug of ampicillin per ml for the selection of glutamate-prototrophic transformants. The total number of Apr transformants was titered separately, both for these ligations and for controls containing cleaved vector alone, to determine the number of recombinant transformants from which glutamate prototrophs were selected. The selections were made from 21,000 and 22,000 recombinant transformants. The methods used were minor variations of those that have been compiled previously (4, 21, 24) .
DNA sequencing. The entire 2.6-kb DNA sequence flanked by BamHI and PvuII sites was determined by the dideoxy chain termination method (32) after specific restriction fragments (i.e., 1,185-bp BamHI-Sphl, 1,100-bp EcoRVEcoRV, and 1,030-bp ClaI-PvuII) in appropriate ml3mp vectors were cloned (39) . The sequence was determined in both directions, and the regions containing the restriction sites used for cloning were sequenced on overlapping frag- ments to ensure correct sequence at the junctions. For certain templates in which compression made sequence determination difficult, dITP was substituted for dGTP in the reaction mixture (25) .
Enzyme assay. Glutamate dehydrogenase was assayed by monitoring the rate of ammonia-specific and o-ketoglutaratespecific NADH or NADPH oxidation. The final assay mixture contained 40 mM NH4Cl, 50 mM Tris-HCl (pH 8), 1 mM NaN3, 0.25 mM NADH or NADPH, 4 mM a-ketoglutarate, and an aliquot of a cell lysate. Cell lysates were prepared by sonicating freeze-thawed cells resuspended in 50 mM TrisHCl (pH 8)-10 mM mercaptoethanol buffer. These cells were centrifuged in the cold for 30 min; the supernatant was then assayed for activity. Protein concentration was determined by the Bradford assay (3).
Computer programs. Protein sequence similarity searches were carried out by using the FASTP algorithm of Lipman and Pearson (20) to search the Dayhoff protein data base, release 13.0. Similarity comparisons were made by using the Needleman-Wunsch algorithm (7, 8, 30) with the PAM250 scoring matrix of Dayhoff and coworkers (5) and a gap penalty of 8 + 4 per residue, as implemented by Colin Watanabe, Genentech.
Nucleotide sequence accession number. The GenBank number assigned to the sequence reported here is M76403.
RESULTS
Selection of plasmids carrying the P. asaccharolyticus glutamate dehydrogenase gene. We set out to obtain the glutamate dehydrogenase gene of P. asaccharolyticus by selecting for complementation of E. coli mutants auxotrophic for glutamate. E. coli can use either glutamate dehydrogenase or glutamate synthase to synthesize glutamate (1), so we constructed a restriction-deficient cloning host from an E. coli strain carrying mutations in the genes for both enzymes (1). This strain (Q100) was then transformed with plasmids containing DNA fragments prepared by partial digestion of P. asaccharolyticus DNA. We made partial digests with both EcoRI and Sau3AI to guard against frequent cleavage within the glutamate dehydrogenase gene by one or the other of these endonucleases. Selection on minimal ampicillin plates yielded four glutamate prototrophs, two from each library. We confirmed that these were not due to host mutations by isolating the plasmids and retransforming the same host.
Lysates prepared from strains carrying each plasmid were assayed for both NADH-and NADPH-linked glutamate dehydrogenase activity ( Table 2 ). All of them showed high levels of NADH-linked glutamate dehydrogenase activity, and in each case the NADH-linked activity was 60-fold to 200-fold greater than the NADPH-linked activity. This strong cofactor selectivity is only slightly greater than the values reported for the purified enzyme (3, 4) . None of the clones isolated carried the gene for the NADPH-linked glutamate dehydrogenase of P. asaccharolyticus (18) or the gene for glutamate synthase. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) revealed a very prominent new band of nearly the same size as that of the glutamate dehydrogenase monomer of E. coli (Fig. 1) .
Restriction analysis of these plasmids indicated that they carried fragments from the same region of DNA and also suggested that the gdh gene was located on a 2.1-kb EcoRVPvuII region that was common to all of them.
DNA sequence of the gdh gene. The DNA sequence of the 2.6-kb fragment of cloned P. asaccharolyticus DNA that was flanked by BamHI and PvuII sites is given in Fig. 2 and that of the NAD-specific glutamate dehydrogenase of Neurospora crassa (10) .
DISCUSSION
Expression in E. coli. The level of expression of P. asaccharolyticus glutamate dehydrogenase in the selected clones corresponds to nearly 25% of the supernatant protein, by using the highest reported values (2, 3) for the specific activity of the purified enzyme and applying estimated corrections for the differences in methods of assay. That may overstate the level of expression, as some activity may be lost during purification (widely different values have been reported [3, 4] for the specific activity of the purified enzyme), but it is clear from the protein gel that this protein is the most abundant protein in these cells and accounts for a significant fraction of the total protein.
Although the expressed protein would normally serve in P. asaccharolyticus to degrade glutamate, it is able to substitute for the missing biosynthetic enzyme in these E. coli gdh mutants, replacing the normal NADPH-coupled synthesis step with one coupled to the NADH pool.
Codon usage. Since the GC content of this gene (36%) is typical of the P. asaccharolyticus DNA (32% GC) (6), the codon usage is very biased. Nearly 77% of the third-position choices are A's or T's, as would be expected for a sequence with this composition (28) . Many of the codons are rarely used in strongly expressed E. coli genes (9) (for example, there are 28 GGA codons, 19 AGA codons, 7 CUA codons, and 5 AUA codons), yet a high level of expression was obtained in E. coli, in agreement with the observation (13) that protein elongation rates rarely put a severe limit on expression.
Transcription and translation signal sequences. Sequences with strong homology to the ribosome binding sites, transcription initiation sequences, and transcription termination sequences of E. coli can be found before and after the coding sequence of the cloned P. asaccharolyticus gene. This suggests that these three basic regulatory elements conform to the most common patterns seen in other bacteria.
The start codon of this reading frame is part of a sequence that when transcribed would have strong homology to known E. coli ribosome binding sites (35) , consisting of a 7-base region capable of pairing to the 16S rRNA of E. coli, separated from the translational start codon by a 7-base region nearly devoid of G and C residues. The close similarity between this ribosome binding site and ribosome binding sites that are known to give high levels of expression in E. coli (34) The open reading frame is immediately followed by two regions of dyad symmetry that end in poly(T) sequences, matching the pattern for bacterial factor-independent terminators. The stem that would form in the message before the first poly(U) region would be rather weak, while the estimated strength (36) of the second would be typical of other terminators (38). The region containing these also contains intermingled promoter-like sequences, like the region that precedes the gene.
The high level of expression seen in the E. coli clones of this gene suggests that the regulatory elements for transcription and translation initiation are highly functional in E. coli. (7, 8, 30) . To compute the Z value, the similarity score obtained from the algorithm for a pair of sequences was compared with the similarity scores obtained when the algorithm was applied repeatedly (at least 50 times) to the same pair of sequences in which the order of one sequence was randomized before each comparison. The Z value was computed by dividing a pair's similarity score, less the mean of the randomized-sequence similarity scores, by the standard deviation of the randomized-sequence similarity scores. Table 3 . The best estimate of similarity in Table 3 is the first statistic given, the Z value (20) , which provides a base-composition-independent estimate of the amino acid sequence similarity that takes into account the likelihood of individual conservative amino acid substitutions during evolution (5) . A count of amino acid identities between the aligned (7, 8, 30) sequences is also given, to provide a simpler but cruder estimate of similarity; it agrees well with the first estimate. The amino acid sequence similarity between the P. asaccharolyticus glutamate dehydrogenase and either bovine or chicken dual-specificity glutamate dehydrogenase is greater than the similarity between the P. asaccharolyticus glutamate dehydrogenase and the NADP-specific glutamate dehydrogenase of E. coli. This similarity is especially remarkable given that the mammalian enzymes are ailosterically regulated by nucleotides (33) , while the P. asaccharolyticus glutamate dehydrogenase is not (14) , and that very different selection pressures must have operated on the enzyme in each of these organisms. Moreover, the similarity between the P. asaccharolyticus sequence and that of the Neurospora NADP-specific glutamate dehydrogenase is as great as the similarity between the two bacterial sequences. These comparisons suggest that the P. asaccharolyticus NAD-specific glutamate dehydrogenase diverged from the dual-specificity glutamate dehydrogenases more recently than did the NADP-specific glutamate dehydrogenases found in both eucaryotes and procaryotes.
